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The electronic structure of electron-doped polycrystalline Mgi_ a: Al I (Bi_j / Cy)2 was examined by 
electron energy-loss spectroscopy (EELS) in a scanning transmission electron microscope (STEM) 
and first-principle electronic structure calculations. We found significant changes in the boron K 
edge fine structure, suggesting the two bands of the B K edge, the a and the it band are being 
simultaneously filled as the electron doping concentration of Mgi-^AL^Bi-yCy^ was increased. 
Our density-functional theory calculations confirm the filling of the a band states close to the Fermi 
level, which is believed to cause the loss of superconductivity in highly doped MgB2, since the 
electron-phonon coupling of these states is thought to be responsible for the high superconducting 
transition temperature. Our results do not show significant differences in the electronic structure 
for electron doping on either the Mg or the B site, although many superconducting properties, such 
as T c or H C2 differ considerably for C- and Al- doped MgB2 . This behavior can not be satisfactorily 
explained by band filling alone, and effects such as interband scattering are considered. 

PACS numbers: 68.37.Lp, 79.20.Uv, 74.70.Ad, 74.25.Jb, 71. 15. Mb 
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Introduction 



Since its discovery as a conventional BCS supercon- 
ductor with an unexpectedly high superconducting tran- 
sition temperature (T c ) of 39 Kjl MgB 2 has been stud- 
ied intensely over the last four years, and many of its 
properties are now well understood. As such, it was es- 
tablished very early that MgB2 has four separate sheets 
at the Fermi surface, two of them being degenerate and 
corresponding to a 2-dimensional a band and two com- 
prising 3-dimensional it bandsi^ The different electron- 
phonon coupling strengths of these bands lead to two 
distinct superconducting gaps, with the a band gap hav- 
ing the higher electron-phonon coupling and thus being 
the main contributor to the unusually high T c . It was 
further shown that T c could be decreased significantly by 
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replacing Mg with Al or B with C^i 5 ' 6 ' 7 : 8 :' 
which was explained by many different mechanisms rang- 
ing from band-filling^ to a merging of the supercon- 
ducting gaps^£ to increased interband scattering and 
a decrease in the electron-phonon coupling strength. 17 
While many different mechanisms are now being dis- 
cussed in the literature, there has not yet been any con- 
sistent explanation for the loss of T c for Al- or C doped 
MgB2. It was previously shown that adding electrons 
to MgB2, by doping with Al or C, reduces the bond 
length (i.e. the unit-cell volume decreases as a func- 
tion of doping concentration), which lowers the density 
of states (DOS) and simultaneously stiffens the available 
phonon modes jA 7 - However, the effect of decreased lat- 
tice parameters, as evidenced by measurements of T c vs 
pressure does not by itself explain the full T c decrease 
measured for Al- or C-doped MgB2. 18 Alternative mech- 
anisms for the decrease of T r , such as increased interband 



scattering due to the doping atoms or band filling, have 
been proposed but no experimental evidence has been 
reported. Indeed, initial band structure calculations for 
Al- and C doped MgB2 suggested that the decrease in 
T c can be understood by simple band-filling, caused by 
the extra electrons provided to the system^ Although 
the effects of Al- and C doping on T c and the supercon- 
ducting gaps seem to be remarkably similar, other su- 
perconducting properties, such as the upper critical field 
{H C2 ) show completely different behavior. In particular, 
it was shown that H C2 is dramatically increased in both 
poly-crystalline Mg(Bi_j,Cj,)2 and especially in thin-film 
samples^ On the other hand, Mgi_ a; AL r B2 shows only a 
weak increase in H C2 for small concentrations of Al, and 
otherwise a significant decrease 
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Kortus et al*^ pointed out that the experimental 
data on both doped and "pure" MgB2 show a large 
spread of properties, e.g. T c of 10% C-doped MgB 2 
ranges between 12K and 34K depending on the syn- 
thesis and annealing conditions. Moreover, the exact 
doping concentration of the MgB2 grains is not mea- 
sured directly in most studies, but rather measurements 
that average over many grains are performed. There- 
fore, a systematic study of the effects of C- and Al dop- 
ing on the electronic structure and the superconduct- 
ing properties, with doping concentrations measured in- 
side the Mgi_ :c Al a ;(Bi_ y Cy)2 grains, is needed to fully 
understand its complex structure- property relationships. 
Also, most conventional electronic-structure measure- 
ments, such as X-ray absorption spectroscopy (XAS), 
cannot study individual grains or distinguish between dif- 
ferent crystallographic orientations, since no large sin- 
gle crystals of Al- or C doped MgB2 have been avail- 
able to date. Thus, we need to use electronic structure 
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probes that are significantly smaller than the grain size of 
Mgi_ x Al a; (Bi_ 3/ Cj / )2 in order to accurately measure the 
effects of doping on the local DOS and its anisotropy. 

In this paper, we explore the electronic structure of 
Al- and C doped MgB2 by combined high-resolution Z- 
contrast imaging and electron energy-loss spectroscopy 
(EELS) in a scanning transmission electron microscope 
(STEM). Our previous workSiiSSiSi showed how these two 
techniques can be used to study the electronic structure 
of individual grains of MgB2; here we apply them to 
quantify the changes as a function of either Al- or C 
doping. In particular, orientation resolved EELS will al- 
low us to distinguish the behavior of the it and a band 
for the different doping concentrations. The samples of 
Mgi-zALjf^ and Mg(Bi_j / C y )2 were previously charac- 
terized for their superconducting properties we will 
correlate the changes in the measured electronic structure 
with these properties. Moreover, we use first-principles 
calculations to compare the changes in the EELS spec- 
tra to those in density of unoccupied B p states for the 
different doping concentrations, and explore the filling of 
the a band close to the Fermi-level. 



Experimental Setup 

The results presented in this paper were obtained using 
a JEOL3000F transmission electron microscope (TEM), 
equipped with an ultra high resolution (UHR) objective 
lens pole piece, a Fischione high-angle annular dark-field 
(HAADF) detector , a post column Gatan imaging filter 
(GIF) , and a NORAN X-ray detector. The instrument is 
capable of being operated in either the conventional TEM 
or scanning TEM (STEM) mode. For the atomic resolu- 
tion imaging and analysis results shown here, the inco- 
herent HAADF imaging mode (or Z-contrast imaging) in 
the STEM was used exclusively. The key to atomic reso- 
lution in STEM microscop y 25 ' 26 i 27 ' 28 is the formation of 
the smallest possible electron probe with sufficient probe 
current (40 pA) to obtain statistically significant images 
and spectra. The electron probe is optimized using the 
electron "Ronchigram," or "shadow image" (for a more 
detailed description see Refs. l25l 12^1 . to obtain a probe- 
size of ~ 1.5 A for these experiments. 

The experimental setup of this microscope allows the 
low-angle scattered electrons to be used, which do not 
contribute to the Z-contrast image, for electron energy- 
loss spectroscopy (EELS)^ As the two techniques do 
not interfere, this means that Z-contrast images can be 
used to position the electron probe at the desired spot 
on the sample while acquiring spectrai^S* 3 ^^ The lens 
conditions in the microscope and spectrometer were set 
up for the smallest probe size, with a convergence angle 
(a) of 11 mrad, a detector inner angle of 30 mrad, and 
an EELS spectrometer collection angle (9 C ) of 25 mrad. 

The physical principle behind EELS relates the inter- 
action of fast electrons with the sample to cause either 
collective excitations of electrons in the conduction bands 



(plasmons) or discrete transitions between atomic energy 
levels.' 50 In this study we will focus on the the latter class, 
using boron (B) K edge core-loss spectra, which is com- 
prised of transitions from the B ls-states into the un- 
occupied B 2p-states above the Fermi-energy (Ep)- In 
the experiment performed here, EEL spectra of the B 
K edge are acquired directly from grains in the [110] and 
[001] orientations with an acquisition time of 3 s per spec- 
trum. The experimental spectra shown here are a sum 
of 15 individual spectra, added to increase the signal-to- 
noise ratio of the near-edge fine structure. Further, un- 
less stated otherwise the background is subtracted from 
each spectrum and the resulting data are further decon- 
volved with the zero-loss peak to remove the effects of 
plural scattering from the core-loss spectra, 30 . 

The simulated EELS spectra shown in this paper 
are calculated using first-principles methods based on 
density- functional theory (DFT)^M We used the newly 
updated TELNES.2 package included in the WIEN2K 
code^ a full-potential linear augmented plane-wave 
(FLAPW) plus local-orbitals method within DFT. The 
generalized gradient approximation (GGA) proposed by 
Perdew, Burke and Ernzerhof 36 was used for the ex- 
change correlation. Muffin-tin radii (rjwr) were 2.00 bohr 
for Mg, and 1.65 bohr for B, and rurkmax was taken to 
be 7.0. The angular momentum (I) expansion up to l ma x 
for the potential and charge density representations was 
used in the calculations. At convergence, the integrated 
difference between input and output charge densities was 
less than 10~ 4 . For all structures, 252 fc-points in the ir- 
reducible Brillouin zone were used in the calculations. 
We used the experimental lattice parameters, as given in 
Table|U in our calculations of the EELS fine-structure for 
the different doping concentrations. 



Sample Preparation 

The Mgi_ a; Al a ;(Bi_„C„)2 samples for this study where 
prepared using various reaction and sintering conditions 
to create material with a homogeneous distribution of 
the doping element, minimize secondary phases such as 
MgB4, MgO, AlBj; or MgC^, and to maximize the grain 
size. Here, we will only briefly describe the different 
sintering conditions for the various samples, while more 
detailed descriptions can be found elsewhere ^2*2^21 Un- 
doped MgB 2 and Mgi_ x Al a; B2 samples were prepared 
in a high-temperature process that lasted for nearly 96 
hrs,with thorough annealing to obtain homogeneity. Ini- 
tially, the appropriate mixture of Mg, B, and Al powders 
were heated to 1200° C and kept at this temperature for 
1 h. The temperature was then decreased to 700° C at 
a rate of 0.1°C mm" 1 and kept at 700° C for 5 hrs. Fi- 
nally, the sample was brought to room temperature at a 
rate of 20° C min" 1 ^ The resulting materials have an 
average grain-size of > 1 fim and do not show show a 
significant number of impurity or secondary phases. 

The Mg(Bo.96Co.o4)2 sample was prepared from a 
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carbon-doped B fiber by Ames Laboratory. 37 The 
Mg(B .92Co.o8)2 sample was made by mixing the appro- 
priate ratio of Mg and B4C powders and subsequently 
heating it to 950° C for 1 h followed by slow cooling. X- 
ray diffraction analysis of this material showed the pres- 
ence of a small concentration of Mg2C3 impurity phases. 

For all the samples studied here, we found that the 
doping concentration within the grains that were stud- 
ied appears to be homogeneous, and no ordering of the 
dopants was found in any sample. We found that the 
precise doping concentration varies slightly from grain to 
grain, in particular, in those samples with shorter sin- 
tering time. We used EDX and EELS analyses to deter- 
mine the doping concentration of the individual grains 
probed, and the respective doping concentration given 
for each sample in this paper applies only to the individ- 
ual grains that were studied. Figure shows an example 
of a typical high-resolution Z-contrast image of a grain 
in the [001] projection found in Mgo.75Alo.25B2. Similar 
images can be obtained for all other doping concentra- 
tions. The bright spots in this image show the Mg/Al- 
columns in this projection of the MgB2 structure. Due to 
the small scattering amplitude at large scattering angles, 
the B-columns are not visible in this image. Since the 
image intensity is proportional to Z , and Al (Z=13) 
is slightly heavier than Mg (Z=12), while C (Z=6) is 
slightly heavier than B (Z=5), ordering or clustering of 
of the Al- or C atoms would be visible in such Z-contrast 
images as variations of the atomic column contrast. For 
instance, oxygen ordering in grains of MgB2 on the B 
sublattice was previously observed by similar Z-contrast 
imaging^ This makes it likely that ordering or cluster- 
ing of dopants should also be visible here. From Figure 
^ which is shown here as a representation of all other 
doping concentrations, it can be clearly seen that no su- 
perstructure due to dopant ordering can be found. A 
summary of the properties of the different sample mate- 
rials used in this study is given in Table [I] 



Results 



Figures 



and |2(b)| shows the B K edge core-loss 
EELS spectra for the different Al-doping concentrations. 
The spectra are aligned at the edge onset for undoped 
MgB2, which is located at 186.0 eV and are further offset 
in the vertical direction to clearly show the differences 
in the near-edge fine-structure for the different doping 
concentrations. In this projection the experimental B K 
edge spectrum contains three major features, or peaks 
within the first 20 eV above the edge onset. The small 
shoulder, or pre-peak intensity is labeled throughout this 
paper as peak a; the pre-peak is followed by a shoulder 
of higher intensity at ~ 193 eV in pristine MgB2 and is 
labeled peak 6. The main feature of the B K edge, which 
is located at 202 eV, represents a broad peak without any 
further fine-structure and is labeled peak c. We have 
added three vertical lines to all the figures containing 



EELS spectra, at the edge onset (186 eV), the position 
of peak b (193 eV) an d the broader peak c at 202 eV in 
pristine MgB2. Figure 2(a) shows the spectra taken from 
Mgi_ a; Al 2 ;B2 grains in the [001] projection. 

With increasing Al concentration, it can be clearly seen 
from Figure [2(a) I that peaks b and c are shifting towards 
lower energies. In addition, the peak intensities change 
for the different doping concentrations: the pre-edge peak 
intensity (a) decreases significantly for Mgo.85Alo.15B2 
and is nearly completely vanished for Mgo.75Alo.25B2. 
Further, the intensity of peak c seems to be increased 
for both Mgo.s5Alo.15B2 and Mgo.75Alo.25B2. 

The spectra from grains in the [110] orientation (Figure 



2(b) I are very different from those of the [001] orienta- 



tion. The most obvious difference is the higher pre-peak 
intensity (peak a) in the [110] orientation compared to 
the the [001] orientation, and we have previously dis- 
cussed these differences in the context of the two bands 
of the boron p states in MgB2i2i*2£ However, the spectra 
in the [110] orientation show similar trends as seen in the 
[001] orientation, in particular the energy shifts of peaks 
b and c as well as the decrease in the intensity of the 
pre-edge peak a. While this pre-edge peak intensity de- 
creases as a function of Al doping, it is still clearly visible 
for Mgo.75Alo.25B2. In undoped MgB2, peak b is clearly 
visible, while for Mgo.75Alo.25B2 it is barely noticeable as 
a shoulder at ~ 191.8 eV. 

Figure |3(a)| and [2(b) show the calculated EELS spec- 
tra for Mgi_ x Al a B2 in the [001] and [110] orientation 
using the virtual crystal approximation (VCA). Unlike 
previously published spectra, these calculations take into 
consideration the experimental unit-cell volume which 
might be considerably different from the calculated ones, 
and this results in significant changes of the near-edge 
fine structure of the calculated spectra. The theoretical 
spectra shown here are smoothed by a Gaussian func- 
tion with 0.8 eV width at half-maximum to simulate the 
instrument resolution. The simulated EELS spectrum 
for undoped MgB2 shows good agreement with the ex- 
perimental results, in that the positions of peaks a and 
b are reproduced accurately, as well as decrease in in- 
tensity of peak a for increasing Al concentration. For 
the [001] orientation (Figure 3(a) I, the energy-position 
of peak c is slightly higher in the calculated spectra, and 
the energy shift of peaks b and c appears to be slightly 
smaller than in the experimental spectra. Figure 3(b) 
shows more structure of the pre-peak a than seen in Tn^ 
experimental spectra, and peak b is not distinguishable 
from the broader shoulder that appears at 198.5 eV in 
the calculated spectrum of pristine MgB2- This peak is 
not visible in the experimental spectra, and the intensity 
of peak c at 201.5 eV is underestimated by the theoretical 
spectra. However, the peak at 198.5 eV becomes stronger 
and more distinct with increasing Al concentration, while 
no changes can be seen for the peak at 201.5 eV. 

The B K edg e EEL S s pectr a for C doped MgB 2 are 
shown in Figure 4(a) and |4(b)| where undoped MgB2 is 
compared to Mg(B .96C .o4)2 and Mg(B .9 2 Co.o8)2 in the 
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two crystal orientations, [001] and [110]. Similar to the Al 
doped samples, the B K edge in C-doped MgB 2 shows a 
measurable decrease in the peak intensity of the pre-peak 
a in both crystal orientations, and a small shift of peak b 
in the spectra from Mg(Bi_ y C y )2 grains as the C concen- 
tration is increased. While peak c shifts downwards in 
energy for Mg(Bo. 92(^0.08)2 there is no noticeable shift of 
peak c in Mg(Bo.96Co.o4)2- However, with increasing C 
doping concentration one can observe an increase in the 
intensity of peak c, which is located at 202 eV in pristine 
MgB 2 . The s pectra from grains in the [110] orientation 
(Figure 4(b) I show a shift in energy of peak b, but no 
measurable shift of peak c as a function of C doping. In 
addition to this shift, peak b (at 193.5 eV in MgB2) be- 
comes more distinguishable for higher C concentrations, 
a similar trend can be seen for the broader peak c. 

The results of the DFT calculations for C doped MgB 2 
in the [001] and [110] orientation, shown in Figure 5(a) 



and |5(b)j are in general agreement with the experimen- 
tal spectra. In calculation these spectra, the VCA was 
used and the resulting spectra were broadened by 0.8 
eV to match the experimental energy resolution. Figure 
5(a) shows the decrease in the pre-peak intensity (peak 



with increasing C concentration and a small shift of 
peak c towards lower energy for Mg(B .92Co.o8)2- How- 
ever, the calculated spectra show an intensity of peak b 
that is significantly lower than measured experimentally. 
The calculations for the [110] orientations (Figure 5(b) I 
show a decrease in the pre-peak intensity, and reflect the 
positions of peak b adequately. However, the neither the 
position of peaks c nor the shape and intensity of peak 
b are n ot rep roduced in the calculated spectra. Similar 
to Fig. 3(b) the calculated spectra show an additional 
intensity at 198.5 eV, while underestimating the inten- 
sity of peak c. Further, the peak at 198.5 eV increases in 
intensity as the C doping concentration is increased. 

While many of the general changes in the first 15-20 eV 
of the B K edge fine structure are well reproduced by the 
DFT calculations, the intensity of peak b at ~ 193 eV and 
peak c in teh [110] orientation are only poorly reflected in 
the theoretical spectra. We have previously shown that 
the peak atl93 eV is correlated to oxygen rich areas in 
MgB 2 or even amorphous BO x principates or surfaces 
layers ^Si^S Since we could not observe any superlat- 
tice structure in the MgB 2 grains that would indicate O 
inside the MgB 2 grain, it is reasonable to assume that the 
exposure of the samples to air has caused the formation 
of an amorphous boron-oxide layer at the top and bottom 
surfaces. The shift of this peak at ~ 193.0 eV is an arti- 
fact of the post- acquisition energy-scale alignment, and 
further indicates a shift in the Fermi-level upon doping 
MgB 2 with electron. 



Discussion 

In order to interpret the changes in the B K edge fine- 
structure as a function of Al and C doping, a complete 



understanding of the orientation dependance of the B K 
edge is needed. It has been shown previously that the 
B K edge near-edge fine-structure of MgB 2 will change 
significantly as a function of grain orientation with re- 
spect to the incoming electron probe (as shown in Figure 
2ta l|2fb)] or Fi gures [4(a] |and [4"(b)| ) due to the fact that 
MgB 2 is an anisotropic material. ,23 - 38 Since MgB2 is 
a layered compound with graphite-like layer of B atoms 
and intercalated Mg layers, the orientation of the elec- 
tron probe with respect to these layer can excite differ- 
ent transitions as the angle between the electron probe 
and the 2-dimcnsional B layer changes. We have pre- 
viously shown that two crystal orientations, [001] and 
[110] (i.e. perpendicular and parallel to the hexagonal 
B-layers) are sufficient to separate the contributions of 
the boron a and the it bandsiSi* 3 ^ For EELS core-loss 
spectra that have been acquired from MgB 2 grains in 
the [001] projection, we have shown the majority of the 
spectral contribution (~ 90%) stems from the transitions 
perpendicular to the incoming beam direction, i.e. pro- 
moting the B ls-electron into the unoccupied a band. 
For grains in the [110] orientation, only half the observed 
intensity comes from those a band transitions, the other 
half is made up by transitions into the 7r-band. This 
can be understood by considering the fact that we use a 
highly convergent electron probe and a large spectrom- 
eter acceptance angle, which means that there is signifi- 
cant momentum transfer into transition perpendicular to 
the incoming beam directional 

Figure|^lshows the density of states (DOS) in the vicin- 
ity of Ep as computed by DFT for undoped MgB 2 . The 
unoccupied a states have high intensity at Ep that drops 
to zero within 0.8 eV above Ep. The DOS of the cr-band 
then remains low up to ^5 eV above Ep and finally in- 
creases to form the er*-peak at 192.0 eV. Meanwhile, the 
7r states have a nearly flat distribution of the DOS as the 
energy increases from 186 eV to 193 eV, with the excep- 
tion of the small peak at 189 eV. As described above, 
any experimental EELS spectrum will contain contribu- 
tion from both of those bands ^Sliii which means that the 
pre-peak in the experimental spectra contains transitions 
from the B Is states into the sum of the high density of 
unoccupied a and the flat it states at Ep, while peak b 
contains transitions into the a* at ~ 192 eV. The changes 
in the B K edge fine-structure for the different crystal ori- 
entations can be best understood by a varying mixture of 
the a and the tt states to the total B K edge spectrum. 

The superconducting properties of MgB 2 , in particu- 
lar T c , are strongly correlated to the high density of er- 
states close to the Fermi-level, and the the dominance of 
these transitions in the spectra from the [001] orientation 
gives us a unique experimental window, through which 
the electronic structure important for superconductivity 
can be accessed. It is widely believed that filling of these 
cx-states by electron doping will decrease the density of 
superconducting carriers (which are holes), and thus T c 
should decrease. The filling of the empty p states will 
results in an increase in the Fermi level, and one would 
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expect that T c = K once all the cr-states are filled (i.e. 
the Fermi-level shifted by more than 0.8 eV) This shift 
in the Fermi level should result in a chemical shift of the 
B K edge as well as a decrease in the pre-edge pea k in- 
tens ity. I ndeed, this is exactly what is seen in Figs. 2(a) 



and 4(a) 



To quantify the changes in the B K edge, we will use 
the spectra from the [001] orientation only, since they 
provide us with the majority of cr-states transitions, and 
either the chemical shift or the pre-peak intensity can be 
used to correlate the hole-state density to the supercon- 
ducting properties. However, since the energy-resolution 
of the experimental EELS spectra is only ~1.0 eV and 
a chemical shift of 0.8 eV is sufficient to fill most of the 
available cr-states, we will use the pre-peak intensity as 
a more reliable measure. A Gaussian function was used 
to fit the pre-edge peak at 0-1 eV above Ep, three more 
Gaussian functions were then used to fit the remaining 
peaks of the B K edge. Figure 7(a) shows the spec- 
trum for undoped MgB2 and a fit of the experimental 
data using four Gaussians of varying width and inten- 
sity. The pre-peak intensity of the experimental spec- 
trum consists of a Gaussian located at 186 eV, while 
the a* peak is formed by one Gaussian at 192 eV and 
a broader Gaussian at 195 eV. Similarly, we have fitted 
all the experimental spectra of the diffe rent A l- and C 
doping concentrations shown in Figures 
Figure [7(T~ 

culated from the Gaussian fits for the different Al- and 
C-doping concentrations. The pre-peak intensity is nor- 
malized to the fitted cr*-peak intensity to account for 
variations in sample thickness or acquisition times. Sim- 
ilarly, we have fitted four Gaussian functions to all the 
calculated spectra shown in Figs. 3(a) and 5(a) We can 



and 
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bj shows the relative pre-peak intensity as cal- 



clearly see that within the experimental uncertainty the 
pre-peak intensities for both Al and C-doped decrease 
linearly with increasing doping concentration, and the 



least square fit is plotted in Fig. 7(b)] Thus, for the first 
time there is direct spectroscopic evidence that band fill- 
ing occurs as MgB2 is d oped w ith electrons. Extrapolat- 
ing the linear fit in Fig. |7(b)| one will find that relative 
pre-peak intensity will vanish completely at xf r f t LS ~ 
40% Al-doping or y? r f t LS -20% C . This means that 
all the empty cr-states close to Ep will be filled com- 
pletely at x > 40% Al-doping, thus resulting in a col- 
lapse of the high-temperature 2-band superconductivity 
in Mgi_ x Al x B2i2» It has been previously reported that 
x cr a (the Al-composition at which T c —> K)is at ~ 
33 - 40%. However, y cr u (the C-composition at which 
T c — > K) has been measured to be ~ 12-15%^ 
This means that within the experimental uncertainties 

rr-obs ^ EELS u.,4- „.obs ^ EELS 
•^crit ~ ^crit ! uuu i)crit ^ Merit 

This means that, although the changes in the B K 
edge spectra for Al and C-doped MgB 2 appear to be very 
similar, there seems to be a fundamental difference in the 
mechanism that governs the measured loss of supercon- 
ductivity in doped MgB2 for these dopants. The drop in 
T c with increasing Al concentration can be successfully 



explained in terms of band filling, while the simple band- 
filling picture appears to underestimate the decrease in 
T c in C-doped MgB 2 . Similarly, Kortus et al^£ reported 
that the larger decrease of T c in C-doped MgB2 can be ex- 
plained by an increased interband scattering rate, while 
the effect of Al-doping on T c is simply due to band-filling. 
Further, the authors ague that the two superconducting 
gaps in Mg(Bi_yC y )2 merge, resulting in an additional 
lowering of T c of about 6 K in MgB 2 with 10%-15% C- 
doping. 

For a more in-depth look at the changes in the elec- 
tronic structure of electron-doped MgB2, we have cal- 
culated the density of states and the bandstructur e for 
the compounds we have studied experimentally. Fig. 8(a) 
shows the partial DOS of the a and the 7r- band for MgB2, 
Mgo.s5Alo.15B2 and Mgo.75Alo.25B2; Fig. |8(b)| shows the 
bandstructure for the same compounds in the vicinity of 
the Fermi-level containing the 7T, the a and the er*-bands. 



The DOS of the cr-band for Al-doped MgB 2 (Fig. [8(a) I 
shows the decrease of the high density of states at the 
Fermi-level that is closely related to the measured pre- 
peak intensity change. Further, the cr*-peak at ~6 eV 
above Ep shifts towards lower energies with increasing 
Al-doping concentration. The highest peak in this energy 
range located at 17.5 eV above Ep (and corresponds to 
peak 



in Fig. 



does not exhibit any visible shift, 
but increases in intensity as the Al-concentration is in- 
creased. The empty 7r-band states do not show any sig- 
nificant change for the different doping concentrations. 



The band structure (Fig. 8(b) I reveals some further 
details related to the changes in the electronic structure 
upon Al-doping. Here, the high intensity at Ep in the 
cr-band corresponds to the flat band close to the Fermi- 
level between T and A, while the cr*-peak corresponds 
to the flat band ~ 6 eV above Ep. It can be clearly 
seen that with increasing Al-concentration the cr-band 
close to Ep shifts lower in energy and at 25% the band 
at r is nearly completely submerged under the Fermi- 
level. The density of states at the T point is particularly 
important, since it is these states at the Brillouin zone 
(BZ) center that couple to the E 2g phonons and create 
the high T c . Further, the cr*-band appears to be shifting 
faster in energy than the bands close to Ep as the Al- 
concentration increases, thus indicating a non-rigid shift 
of the a bands applies. On the other hand, there appears 
to hardly any shift of the 7r-bands, which are located at 
K in the BZ. Interestingly, this means that the extra 
electrons provided by the Al substituting for Mg fill only 
the <7 hole-states rather than the ir band. Therefore, this 
filling of the a states, albeit non-rigid, can account for 
the decrease in T c that was previously reportedii^Si 

The DOS for t he n a nd the cr-states of C-doped MgB2 
are shown in Fig. 9(a) Similarly to DOS of Mgi_ a Al x B2 
the high intensity in the cr-states close to the Fermi- 
level is decreasing significantly upon C-doping. While 
the hole-states at Ep shift below the Fermi-level with 
increasing C-concentration, the cr*-peak at ~6 eV above 
Ep does not seem to shift at all. However, the large peak 
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in the cr-DOS at 17.5 eV shows several changes with in- 
creasing C concentration. The high intensity at 17.5 eV is 
decreasing in energy to 16.5 eV in Mgo.75Alo.25B2, while 
the less intense peak 18.2 eV in MgB2 increases signif- 
icantly in intensity to form the largest peak in the cr- 
DOS in Mgo.75Alo.25B2. The se cha nges can explain the 
apparent shift of peak c Fig. |4(a)| The band structure 
for MgB_2, Mgo.s5Alo.15B2, andMgo.75Alo.25B2 (shown in 
Fig. 9(b) I further highlights the changes seen in the ex- 
periments and in the DOS. Firstly, the flat er-band close 
to Ep is slowly shifting below the Fermi-level with in- 
creasing C-concentration, resulting in the cr-band nearly 
reaching Ep at the L-point for Mgo.75Alo.25B2. However, 
the c*-band does not seem to shift at all in energy for 
higher C-doping. Interestingly, the 7r-band can be seen 
to shift downward by 0.25 eV at K for Mgo.75Alo.25B2. 
In contrast to the band-filling picture for Al-doping, the 
shifts of both the a- and the 7r-bands close to Ep in C- 
doped MgB 2 indicate that the additional electrons pro- 
vided by the C atoms replacing B fill both the ir and the 
cr-states at the Fermi-level. This filling of both bands 
in the case of C-doping can explain why the relative pre- 
peak intensity of the B K edge overestimates the amount 
of C needed for T c to reach K. 



Conclusions 

In conclusion, we have shown that the combination 
of high-resolution Z-contrast imaging and EELS can be 
used to study the effects of electron doping on the a- and 
the 7T band of the 2-band superconductor MgB2 . We have 
further shown that substituting either C for B, or Al for 
Mg does not results in any long-range ordered superstruc- 
tures visible by TEM, in contrast to previously reports 
for high concentration of Al-doping concentrations4i^ 
Additionally, EELS-spectroscopy revealed that the effect 
of electron doping on the electronic structure of MgB2 is 
very similar for either dopant, while the superconduct- 
ing transport properties of both sample are significantly 
different. We have presented both theoretical and ex- 
perimental evidence that doping MgB2 with electrons on 
the Mg and on the B-sites results filling the a hole-states 
close to the Fermi-level, and thus a increase in the Fermi- 
level energy. This filling of the superconducting hole- 
state in the a band with increasing doping concentration 
has been shown to be closely linked to the disappearance 
of the a band superconductivity once all these states are 



filled. Moreover, we have shown that the band-filling for 
Al and C-doping does not occur in a rigid band fash- 
ion; the a* -bands in Al-doped MgB2 shift faster than 
than cr-bands close to Ep, while in C-doped MgB2 the 
tr*-bands remain constant and the cr-bands close the the 
Fermi-level shift significantly. 

In addition, our results clearly show that selective dop- 
ing on either the Mg or the B-site affects both bands 
of the B p-states. More specifically, it was previously 
shown that there is a significant charge-transfer of elec- 
trons from the B-planes towards the Mg-planes^ and 
adding extra electrons on either lattice site should result 
in filling of both the a- and the n band. Interestingly, we 
could show that only C-doping results in a measurable 
filling of the 7r-band, while Al-doping does not influence 
the 7r-band DOS at all. Finally, we have presented ex- 
perimental and theoretical evidence that the reduction 
of T c for both Al and C-doped MgB2 can be explained 
in large parts by the band-filling mechanism alone. Al- 
though an increase in inter-band scattering is not needed 
to explain the drop in T c of our Mgi_ a; Al a; (Bi_j / Cj / )2 
samples, we can not affirmatively exclude effects such 
as increased inter-band scattering, local clustering of C 
atoms or the buckling of C-doped boron planes to occur 
in Mg(Bi_j,C y )2 and cause a further decrease T c . How- 
ever, in contrast to Al-doped MgB2, the addition of C 
to MgB2 has been shown to increase the upper critical 
field (H C2 ) significantly, which can be explained by the 
increase electron-hole scattering in the B-planes and also 
results in a decrease in T c . Our results presented in this 
paper suggest that adding additional hole on the Mg-sites 
by doping for example with Na to off-set the negative ef- 
fects of C-doping on the cr-band, while keeping the C on 
the B-site to increase H C2 but without the loss of T c , thus 
resulting in a new high-field, high-T c superconductor 
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Sample 


T c [K] 


T 3 [°C] 


t s [h] 


a [A] 


c[A] 


MgB 2 


35.0 


1200 


96 


3.082 


3.521 


Mg(Bo.96Co.04)2 


32.0 


1200 


48 


3.069 


3.520 


Mg(Bo.92Co.l)s)2 


24.5 


950 


1 


3.047 


3.519 


Mgo.85Alo.15B2 


29.3 


1200 


96 


3.077 


3.476 


Mgo.75Alo.25B2 


7.2 


1200 


96 


3.066 


3.424 



TABLE I: Transition temperature (T c ), Sintering temperature 
(T a ), Sintering time (t a ), and lattice parameters (a,c) for the 
different samples. 



FIG. 1: High-resolution Z-contrast ol 25% Al-doped MgB 2 
[001] with no apparent superstructure due to Al-ordering. 




FIG. 2: EELS of B K edge for different Al-doping concentra- 
tions from grains in the a) [001] and b) [110] orientation. 
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FIG. 3: Calculated B K edge for different Al-doping concen- 
trations using DFT with VCA for grains in the a) [001] and 
b) [110] orientation. 




FIG. 4: EELS of B K edge for different C-doping concentra- 
tions from grains in the a) [001] and b) [110] orientation 




FIG. 5: Calculated B K edge for different C-doping concen- 
trations using DFT with VCA for grains in the a) [001] and 
b) [110] orientation. 




FIG. 6: Density of boron p-states in the vicinity of the Fermi- 
level. The Fermi-energy (Ef) is shown at 186 eV, while the 
two separate bands are shown between -1.0 eV and 7.0 eV 
with respect to the Fermi energy. 



14 



E-E F (eV) 

5 10 15 20 




1SS 190 195 200 205 

Energyloss (eV) 



(a) 



Al doping concentration 
5 10 15 20 25 30 



—I — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 1 — 


— 1 — 1 — 1 — 1 — | — 1 — 1 — 1 — 1 — 






• C doping c 


□ 


IOC doping (DFT) 




■ Al doping 




L a Al doping (DFT) 




[001] only 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 





5 10 15 

C doping concentration 



(b) 

FIG. 7: a) Example of the four- Gaussian fit (dotted line) with 
the experimental data (solid line) for undoped MgB2, used to 
calculate the decrease in pre-peak intensity relative the a*- 
peak as a function of electron doping, b) Relative pre-peak 
intensity as a function of electron-doping as a result of the 
four-Gaussian fit. The open symbols represent the theoretical 
and the full symbols the experimental results; the least-square 
fit is shown as a solid line. 




FIG. 8: Color: Calculated a) partial density of states and 
b) bandstructure of pristine and Al-doped MgB2 showing the 
(T-band shift for the different doping concentrations. 




FIG. 9: Color: Calculated a) partial density of states and b) 
bandstructure of pristine and C-doped MgB2 showing the a 
and 7r-band shift for the different doping concentrations. 



